Background: Bilirubin is the metabolic end-product of heme degradation by heme oxygenase (HO), which has recently been shown to act as an antioxidant which can protect against atherosclerosis. This study explored the relationship between serum bilirubin levels and different degrees of atherosclerotic stenosis in intracranial or extracranial arteries. Methods: The study included 189 patients undergoing digital subtraction angiography (DSA) diagnosed as being normal or having been confirmed as atherosc lerotic stenosis in the intracranial or extracranial arteries. The patients were allocated to normal, mild (<50% diameter stenosis), moderate (50% -69% stenosis), severe (70% -99% stenosis) and occlusion groups according to the severity of stenosis proved by DSA. Blood samples were collected to determine bilirubin concentrations and other biochemical indicators of atherosclerosis. Univariate and multivariate analyses were performed to evaluate the associations between disease severity and biomarkers. Results: Indirect bilirubin (Ibil) concentrations increased in parallel with the increasing severity of atherosclerotic stenosis in the intracranial or extracranial arteries, but decreased in patients with occluded cranial vessels. Multivariate analysis showed that Ibil levels were significantly higher in patients with severe stenosis group than in those with mild stenosis (OR, 1.464; 95% CI, 1.050 -2.042; P = 0.024). However, Ibil levels were significantly lower in patients with occlusion than in those with severe stenosis (OR, 0.790; 95% CI, 0.684 -0.913; P = 0.001). Conclusions: Ibil appears to have a protective effect against the development of atherosclerotic stenosis in intracranial or extracranial arteries. The biosynthesis of Ibil increases with stenosis progresses but decreases once occlusion occurs.
Introduction
Intracranial atherosclerotic stenosis is one of the most common causes of ischaemic cerebrolvascular disease worldwide. Atherosclerotic stenosis of the internal carotid artery can lead to 10% -15% of all strokes [1] . 70% of symptomatic intracranial atherosclerotic stenosis is responsible for a high risk of recurrent stroke [2] . In 2005, the incidence of stroke among patients from Germany who had symptomatic stenosis was reported at 7.3% per year [3] . It has estimated a 26% increase in the risk of ischemic cerebrovascular disease for every 10% increase in the degree of stenosis [4] . Intracranial atherosclerotic stenosis (ICAS) is associated with 8% to 10% of all ischemic strokes in the United States, but accounts for 33% to 54% of all ischemic strokes in Asia. In China, ICAS may be the cause of 37% to 51% of all strokes or transient ischemic attacks (TIA) [5] . These statistics highlight the importance of understanding the mechanisms involved in the development and elimination of atherosclerotic stenosis.
Bilirubin is generated by the action of the enzyme biliverdin reductase on biliverdin in the catabolism of heme [6] , which contains indirect bilirubin (Ibil) and direct bilirubin (Dbil). Ibil is a bile pigment produced during the degredation of hemoproteins. Ibil is a hydrophobic compound with extremely low water solubility and high lipid solubility, which is transported bound to serum albumin to the liver conjugated with glucuronic acid, converted to Dbil in the hepatocytes by the enzyme UGT1A1 and finally secreted into the bile to be eliminated [7] .
It was once believed that bilirubin was only the metabolic end-product of heme degradation by HO, but has now emerged as an important endogenous anti-inflammatory and antioxidant molecule [8] . It is increasingly appreciated that bilirubin has strong anti-oxidative properties, which owe its ability to scavenge peroxyl radicals and to inhibit low density lipoprotein (LDL) oxidation [9] . Recent data have demonstrated that mildly elevated serum bilirubin is associated with a reduced prevalence of oxidative stress-mediated disease [10] . Serum bilirubin may prevent experimental atherosclerosis possibly by the scavenging of oxygen radicals and by its inhibitory effects against LDL oxidation [9] .
Some cross-sectional and prospective studies have reported negative associations between bilirubin levels and coronary artery disease (CAD) [11] , peripheral vascular disease, carotid intimal-medial thickness, stroke, nonalcoholic fatty liver and metabolic syndrome [12] . The first indication that serum bilirubin levels might be related to atherosclerosis was reported in 1994 [13] , by a study that demonstrated an inverse relationship between serum bilirubin and CAD. A later study, which included 1741 Japanese subjects, reported that each 1.7 μmol/L (0.1 mg/dL) increased in bilirubin decreased the risk of carotid artery plaque formation by 3.7% [14] . In another study every 1.7 μmol/L (0.1 mg/dL) increase in serum bilirubin was associated with a 6% reduction in the odds of developing peripheral artery disease [15] . Other workers reported that men in the highest quartile of serum bilirubin concentrations had a lower hazard ratio for ischemic stroke than men in the lowest quartile of bilirubin concentrations (P = 0.016) [16] . Patients with high levels of total bilirubin (Tbil) have also been shown to exhibit a lower rate of coronary stent restenosis than patients with low Tbil [17] .
Few studies have explored the possible associations between serum bilirubin and atherosclerotic stenosis in the intracranial or ertracranial arteries. In this study we analyzed serum bilirubin levels in patients with different degrees of angiographically proved atherosclerotic stenosis in intracranial or extracranial arteries.
Methods

Study Population and Design
We consecutively recruited 189 patients undergoing digital subtraction angiography (DSA) at the Department of Neurology in the Medical College of Yangzhou University, China between 1 April 2009 and 31 March 2012. All participants gave written informed consent. The study was approved by the research ethics committee of Clinical Medical College of Yangzhou University. The approved number was 2009023. The analysis included patients with atherosclerotic stenosis proved by DSA in intracranial or extracranial arteries, as well as those whose DSA examination was normal. We excluded patients with intracranial or subarachnoid hemorrhage as well as those with aneurism, Moyamoya disease, artery dissection, arteriovenous malformation, arteriovenous fistula; or an established history of bilirubin metabolism abnormity.
All patients were allocated to five groups according to degrees of atherosclerotic stenosis in intracranial or extracranial arteries. Severity of stenosis was based on the European Carotid Surgery Trial (ECST) criteria [18] as follows: normal, mild (<50% diameter stenosis), moderate (50% -69% stenosis), severe (70% -99% stenosis) and occlusion. The highest percentage of cerebral artery stenosis was used for each evaluation.
The following risk factors were evaluated in all patients: age, gender, hypertension, diabetes mellitus, cigarette smoking, alcohol consumption and other biochemical markers which were potential predictors according to previous reports.
Hypertension was defined as a preadmission history of hypertension, with or without treatment, or by an average systolic blood pressure (SBP) ≥140 mmHg or diastolic blood pressure (DBP) ≥90 mmHg, that was sustained for ≥2 weeks after hospital admission and confirmed during follow-up. Diabetes mellitus was defined as a preadmission history of diabetes or as fasting venous plasma glucose values ≥7.0 mmol/L on at least two separate occasions, and/or as a blood glucose levels ≥11.1 mmol/L on two occasions 2 h after intake of 75 g of oral glucose [8] . Cigarette smoking was defined as daily use of ≥10 cigarettes during the previous 6 months; and alcohol consumption defined as the consumption of ≥2 alcoholic drinks per day.
Digital Subtraction Angiography and Image Analysis
DSA was performed using a GE Innova Angiography machine (Innova 3100 IQ; Advantage 4.4; GE Medical Systems, America). A transfemoral approach using the Seldinger technique with a 5F catheter was adopted by all patients. Nonionic iodinate contrast medium was administered using a Liebel-Flarsheim pressure injector. Images at the level of aortic were obtained by administration of 20 mL of contrast agent at an injection rate of 10 to 15 mL/s. For selective catheterization at the level of the common carotid arteries an injection volume of 7 to 8 mL was administered at a rate of 5 to 6 mL/s and for visualization of the vertebral artery 5 to 6 mL of contrast agent was administered at a rate of 2 to 3 mL/s.
The first injection of contrast agent was made at the level of the aortic arch and subsequent left and right anterior oblique images were obtained identifying the common carotid arteries, internal carotid arteries, intracranial arterial and the vertebral arteries. The analysis of DSA images was performed in consensus by two neuroradiologists.
The narrowest lumen diameter was measured and converted to percentage of stenosis using the formula: maximal stenosis = [1 − (minimal lumen diameter/nominal lumen diameter)] × 100%.
Measurement of Serum Bilirubin and Blood Chemistry Parameters
Routine blood and biochemical tests were performed in all patients. The blood samples were obtained for all patients from the cubital vein after a 12-hour overnight fast. The blood was collected into EDTA-containing tubes, and all plasma samples were stored at −80˚C until analysis [19] . Serum bilirubin concentrations and other hematological and biochemical markers (lipids, clotting factors, uric acid, blood cell count and proteins), were determined on an automatic analyzer (Modular DDPP; Roche; German).
Statistical Analysis
All statistical analyses were conducted using SPSS version 16.0 software (SPSS Inc., Chicago, IL). Data was collected retrospectively. Admission categorical variables were coded as 0/1 (absent or present) and expressed as counts and percentages. Continuous variables were expressed as means and standard deviations (±SD).
For univariate analyses, overall frequencies or mean ±SD values were compared using chi squared statistics for dichotomous variables. Continuous variables were analyzed using Student's t tests for normally distributed and Mann-Whitney U tests for non-normally distributed data.
Multivariate logistic regression analyses were performed to determine if bilirubin concentration was independently associated with the progression of stenosis. Age, sex, hypertension, diabetes mellitus and other variables with a P value < 0.05 on univariate analysis were included in the model. Results were expressed as adjusted odds ratios (ORs) with corresponding 95% CI. All probability values were 2-sided, and P < 0.05 were considered statistically significant.
Results
Among the 189 patients included in the study, 68 patients were diagnosed as TIA, 106 patients were diagnosed with acute ischemic stroke, 14 patients were chronic cerebral ischemia and 1 patient were sudden deafness. The population included 143 male and 46 female patients with a mean age of 63.1 ± 9.8 years (range: 36 to 81 years).
Patients were initially divided into a stenosis-group (n = 162) and non-stenosis group (n = 27; Table 1 ). Univariate analysis indicated that average age, cigarette smoking rate and platelets levels were significantly higher in the stenosis group than in the non-stenosis group (P = 0.007, P = 0.025 and P = 0.047, respectively). Multivariate analysis (Table 2) indicated that the odds ratio associated with increasing age was 1.077 (95% CI, 1.028 -1.128), the Odds ratio associated with higher cigarette smoking rate was 1.127 (95% CI, 1.102 -1.202) and the Odds ratio associated with a higher platelet count was 1.014 (95% CI, 1.004 -1.024). There were no significant differences between the stenosis and non-stenosis groups for any of the other variables including serum bilirubin levels. However both Tbil and Ibil appeared to be numerically lower in the non-stenosis group than in patients with stenosis. Triglycerides, mmol/L 1.6 ± 0.7 1.7 ± 0.8
Total cholesterol, mmol/L 4.5 ± 0.9 4.6 ± 0.9 Fibrinogen, g/L 3.0 ± 0.5 3.5 ± 1.6
Values were presented as mean ± SD or frequencies (%). Tbil: total bilirubin levels; Dbil: direct bilirubin levels; Ibil: indirect bilirubin levels; APTT: activated partial thromboplastin time. The stenosis group was divided into four subgroups according to ECST criteria (Figure 1) . Thirteen patients had mild stenosis, 27 had moderate stenosis, 55 patients had severe stenosis, and 67 had occlusion. Univariate analysis showed that the levels of Tbil and Ibil in the moderate and severe stenosis groups were significantly higher than those in the mild stenosis group. Multivariate analysis based on the four subgroups ( Table 3) indicated that Ibil levels were significantly higher in the severe stenosis group than in the mild stenosis (OR, 1.464; 95% CI, 1.050 -2.042). However, Ibil levels in the occlusion group were significantly lower than those in the severe stenosis group (OR: 0.790; 95% CI: 0.684 -0.913).
Discussion
Bilirubin is a heme metabolite generated by action of heme oxygenase and biliverdin reductase enzymes. Bilirubin was believed to be a potentially toxic metabolite in the past decades, but more recent data have demonstrated a negative relationship between serum bilirubin levels and atherosclerosis [10] [20] . These studies have suggested that bilirubin has the potential to inhibit low-density lipoprotein oxidation and scavenge oxygen radicals [8] . It is also thought to have anti-inflammatory actions that affect the chemotaxis of monocytes. These processes may all play a crucial role in preventing the development of atherogenesis [21] - [24] . Bilirubin has also been shown to block the proliferation and migration of vascular smooth muscle cells [25] [26] .
In the present study, we focused on the association between serum bilirubin levels and different degrees of atherosclerotic stenosis in intracranial or extracranial arteries. We found that serum bilirubin levels (including Tbil and Ibil) were lower in patients with stenosis group than in the non-stenosis group, but the differences were not statistically significant (P > 0.05). Previous researchers demonstrated that levels of serum bilirubin in patients with atherosclerosis were lower than those patients without it [13] - [17] [27] . The total patients enrolled in our study were diagnosed as ischemic cerebrovascular disease, and thus some patients in non-stenosis group might be accompanied by atherosclerosis in intracranial or extracranial artery, which might affect the result. For this reason the non-stenosis group was excluded from further multivariate analyses.
Among the four groups with stenosis, Ibil levels were significantly higher in patients with severe stenosis than in those with mild stenosis group, suggesting that the level of serum Ibil increased with the increasing severity of stenosis. Bilirubin had been proven to be a major contributor to the total antioxidant capacity in blood plasma [28] [29] , and its biosynthesis had been known to be evoked by oxidative stress [30] . Thus, it was likely that the development of stenosis of cranial arteries caused the biosynthesis of Ibil to be increased. However, the Ibil levels in the occlusion group were significantly lower than those in the group with severe stenosis, suggesting that once the blood vessels had become occluded, the biosynthesis of Ibil would decrease. These findings suggested that with the progression of atherosclerotic stenosis, the human body would increase the levels of serum bilirubin to enhance the capacity of anti-oxidation, which could retard the process. Our research found that the main antioxidant activity was derived from Ibil. The levels of Dbil showed no significant differences among four groups. Dbil is synthesized by the combination of Ibil and glucuronic acid in the liver, suggesting that antioxidant capacity might be weakened by this conjugation reaction.
Our results indicated that monitoring Ibil concentrations in patients with established atherosclerotic stenosis of cranial arteries may be a way of predicting progression of stenosis if consecutive values showed a tendency to Figure 1 . Bilirubin levels in patients with different degrees of stenosis. The stenosis group was subdivided into four subgroups according to ECST criteria. Thirteen patients had mild stenosis, 27 had moderate stenosis, 55 patients had severe stenosis, and 67 had occlusion. The serum concentrations of Tbil, Dbil, and Ibil were analysed by an automatic analyzer (Modular DDPP; Roche; German). The level of different bilirubin of each group comupted with Mean ± SD. * P < 0.05 moderate stenosis group versus mild stenosis group in Tbil, ** P < 0.01 severe stenosis group versus mild stenosis group in Tbil. ** P < 0.01 moderate and severe stenosis groups versus mild stenosis group in Ibil. increase; and we assumed that bilirubin may be a potent medication for prevention and treatment of atherosclerotic stenosis, as Robert Öllinger et al. reported [23] .
Both univariate and multivariate analysis also identified age, platelet levels and cigarette smoking as independent risk factors for atherosclerotic stenosis. It suggested that these were important risk factors that participate in the formation of atherosclerosis stenosis and aggravate atherosclerosis stenosis, which were also consistent with previous reports [31] [32] .
Our study was limited by its retrospective design and relatively small sample size. In addition, the trends identified in the study were based on different patients rather than on monitoring different stages of the disease in the same patients. The results of this study did, however, provide a basis for more rigorously designed prospective researchers with larger samples aimed at clarifying the possible inter-relationships between bilirubin levels and the progression of atherosclerotic stenosis. This novel finding must be confirmed in larger cohorts, and its clinical implications are worthy of further investigations.
